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的微观实验证明。为此，本文采用原位 Raman 光谱技术，对 NiO 阴极溶解过程以及 CO2
作用开展初步的分子水平研究，试图获得直接的动态实验证据，从而深入探讨 NiO阴极材
料的溶解破坏的本质机理。 
研究表明，在 MCFC 运行条件下，CO2极易吸附于 NiO 表面，形成强化学吸附。当
电解质不存在时，吸附的 CO2很难从 NiO表面脱附；而当熔盐电解质存在并且在含氧气氛
下，强吸附的 CO2能够快速从材料表面脱附。根据结果可以推断，MCFC阴极反应极可能
是由活性氧物种 (O −22 或 CO4
2-) 与吸附在 NiO表面的 CO2参与进行的，锂化 NiO充当电
子传输场所。在该过程中，由于 NiO的晶格氧与吸附态 CO2之间发生很强的相互作用，可



































层的破裂，最终加剧了材料的形变和溶解。由此可推断，MCFC启动 (原位 Ni氧化/锂化) 
过程中的镍溶出速率远较其工作阶段的阴极溶解速率大得多。 
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Investigations on Mechanism of Cathode Reactions and 
Deformation/dissolution of NiO Cathode and Development 




   Molten carbonate fuel cell (MCFC) is believed to be one of the most promising devices used 
for power plant in future, due to its high efficiency, negligible pollution, unnecessary use of 
noble metal as catalyst, simple structure of power plant and other advantages. So far, it has been 
applied preliminarily to the power plants in commercial scale. However, the relatively short cell 
life, mainly resulting from the dissolution of NiO cathode and corrosion of materials in MCFC, 
limits severely its further commercialization. Since the generation of MCFC, large numbers of 
efforts have been incessantly made to investigate on the various technical problems related to 
MCFC. At present, the MCFC industry has a rapid development and great success; nevertheless, 
there are still some problems to be solved, especially those about complicated cathode system. 
Making a comprehensive view of the cathode studies, we find that the following four problems  
keep unclear so far and need to be further investigated.  
(1) The mechanism of cathode reaction under MCFC operation, especially the variety of 
crucial intermediate   active oxygen species, is always controversial and has not  come 
to an agreement. The restriction and lack of experimental method and apparatus are the 
most important cause resulting in an ambiguity in the study of cathode reaction 
mechanism. Although the traditional electrochemical measurement is a unique technique 
to acquire the dynamic parameters of reactions in MCFC, it seems to be macroscopical 
and indirect to determine the existence and variety of intermediate oxygen species. 
(2) Similarly, the research into the mechanism of dissolution and deformation of NiO cathode 
is basically limited in a macroscopic and indirect range. Some main apparent factors 
involved in the dissolution and deformation process, such as melts composition, 
atmospheres and temperature etc have been studied, but the related details and further 
experimental evidences in a molecular level are absent and difficult to be obtained at 
present. 















has not been pay much attention,  that is, most of the materials in MCFC actually work 
under a load generated by the self-weight of MCFC stack, which Undoubtedly has a great 
effect on the materials performance in MCFC. 
(4) The cathode improvement through modification and development of  new substitute 
cathodes are the most direct means to slowdown  the dessolution and deformation of 
cathode materials  and prolong the cell life. a series of composite and substitute cathode 
materials have been exploited.. Even so, the materials still have a far  distance to reach 
the actual industrial requirements, when taking into account of their performance, costs 
and practical installation. 
   The above-mentioned problems are correlated and dependent closely each other, whose 
settlement will generate definitely vital promotion in  MCFC industry  Accordingly, the thesis 
focuses on  (1) in situ spectroscopic studies of cathode reaction mechanism in MCFC; (2) 
development of the novel research methods and experimental apparatuses for in situ monitoring 
the cathodic process of NiO cathode; (3) further elucidation of the mechanism of dissolution and 
deformation of NiO cathode; and exploration of the new approach to lowdown the dissolution 
and deformation of NiO cathode in MCFC.  
 
(i) In situ spectroscopy of  the intermediate oxygen species in cathode reaction 
of MCFC             
   The clarification of cathode reaction mechanism is a very important theoretical direction to 
improve  MCFC performance and to develop new  cathode materials. It has been recognized 
that the in situ revelation of intermediate oxygen species generated by the reaction of oxygen 
with molten carbonate  is  a crucial importance  in the mechanistic study.  But only a little 
progress has been made in mechanistic study of cathode process due to its complication in 
MCFC condition. In general, it is verified and accepted that the reaction in basic melts carries 
through according to peroxide path. In contrast, the variety of intermediate oxygen species and 
corresponding reaction mechanism under acidic condition of MCFC operation (PCO2>0.1 atm), 
are still controversial and has not yet come into agreement. The debate is primarily referred to 
two mechanisms, superoxide (O −2 ) and peroxocarbonate (CO
−2
4 ). In order to directly elucidate 
the cathode process and its related intermediate species in molecular level,  a novel in-situ 
high-temperature Raman spectroscopic technique has been explored  to determine the variety 
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   In the thesis, the in-situ Raman technique is applied to the firstly direct observation of the 
oxygen species in both bulk and thin-film molten electrolyte under different temperatures and 
atmospheres. The sensitive in-stiu Raman measuring system, matched with a special in-stiu cell, 
allows us to study systematically the behaviors of electrolyte and the active oxygen species, 
respectively, under inert, basic and acidic conditions. 
   Contrasted with the invariability of electrolyte melts in inert atmospheres, the peroxide 
species (~830 cm-1) were produced by the reaction of oxygen with molten electrolyte under basic 
condition, moreover, their concentration was higher in thin-film electrolyte than that in bulk one. 
With the increase of the acidity level in molten carbonate, the peroxide ions changed to be 
unstable. The above results were in accordance well with those of previous electrochemical 
studies, which provided the powerful experimental evidences for the past research deductions 
in?? a direct and microcosmic scope.  
   We further performed an in-situ Raman spectroscopic investigation in acidic molten 
carbonate. As a result, we observed the rather different spectroscopic behavior of the acidic 
molten carbonate from that of basic melts and confirmed the existence of CO −24 / C2O
−2
6  in 
acidic electrolyte melts for the first time. The peroxo(di)carbonate ions were concluded to be 
produced by the reaction of peroxide ions with carbon dioxide. Based on the fact that the CO −24 / 
C2O
−2
6  as the main oxygen species existed in acidic melts, it is reasonably  concluded that the 
cathode reaction performs according to peroxocarbonate mechanism in the actual operation of 
MCFC. Accordingly, the investigation in the thesis provided the most direct and reliable proofs 
for the intermediate oxygen species and reaction mechanism on cathode side under acidic 
condition, resolving the nodus and long-term controversy. 
 
(ii)  Mechanism of the dissolution of NIO cathode materials in MCFC      
   During the long-term operation of MCFC, the state-of-the-art lithiated NiO cathode is found 
to dissolve and degrade incessantly, and the dissolved nickel ions subsequently diffuse toward 
anode and are reduced to be Ni metal precipitating in the electrolyte matrix between two 
electrodes. This incessant process eventually results in the short circuit and becomes one of the 
greatest restrictions to MCFC commercialization in a large scale.  
   CO2 plays an important role in the process of cathode dissolution as indicated by the fact that 















of dissolution course is scarce of the direct and detailed evidences. Thus, it is necessary to 
explore the microscopic and dynamic studies in order to clarify the nature of NiO dissolution 
mechanism. 
   We obtained successfully the microscopic behaviors of CO2 action by the in-situ Raman 
spectroscopic technique. Under the condition of MCFC operation, CO2 tended to adsorb on the 
surface of NiO in a strong chemical adsorption. The adsorbing CO2 was very difficult to be 
desorbed if molten carbonate was absent. In contrast, the adsorbing CO2 can be desorbed rapidly 
from the NiO surface in the presence of molten carbonate under oxygen-containing atmospheres. 
According to the experimental result, it is reasonably deduced that the active oxygen species can 
react with the adsorbing CO2 on NiO surface in the cathode reaction and simultaneously the 
lithiated NiO acts as a site of electron transportation. In view of the strong action between 
adsorbing CO2 and oxygen in lattice of NiO, it is possible that the CO2 (ad) and lattice oxygen 
form a carbonate ion entering into the electrolyte melts, which would bring about the nickel 
dissolution from NiO and final degradation of cathode materials. 
 
(iii) Mechanisms of deformation and dissolution during the in-stiu 
oxidation/lithiation of porous nickel 
   Nowadays, it is state-of-the-art to form porous MCFC cathode of lithiated nickel oxide by in 
situ oxidation/lithiation of the sintered porous nickel in the process of MCFC start-up. The 
MCFC stacks usually degrade and shrink in the start-up, which may  result in the premature 
deterioration of cell performance. In actual MCFC system, the cell  materials including 
electrodes always  work under a load generated by the self-weight of stacks . Despite of the 
many studies on the dissolution of lithiated NiO and the oxidation of Ni metal, the relevant 
investigations on the deformation and degradation of cathode material under a load during its 
transformation into the lithiated NiO from the porous nickel has not been found in the literatures 
so far. In this work, a home-made deformation-measuring system was developed and applied to 
detect the deformation (thickness change) of porous nickel materials in the various experimental 
conditions of molten carbonate. The main results are given as follows: 
   Under a load, the porous nickel deformed seriously in the course of its oxidation/lithiation in 
molten carbonate, especially at the beginning of 20 hours. There was a great deal of nickel 
dissolved and entered into the melts accompanying with the deformation. It is noted that  the 
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   The deformation behaviors of porous nickel without being applied the load apparently 
changed to be more complicated during the oxidation/lithiation. The whole process can be 
generally divided into four stages, in which both the increase and reduction of material thickness 
existed simultaneously.  
   No matter whether the load was applied or not, the dissolution of material occurred 
considerably accompanying with the deformation of porous nickel. Moreover, The speed of 
nickel dissolution was remarkably dependent on the deformation behaviors of porous nickel in 
MCFC. The examination into the deformation/dissolution of porous nickel shows that the NiO 
thin layers tend to spall into the melt due to the CO2 gas evolution when the molten carbonate 
decomposes to supply the oxide ions consumed by the oxidation of nickel in the process of 
oxidation/lithiation. Obviously, the load suppresses the expansion trend of porous nickel during 
its oxidation so as to accelerate finally the deformation and dissolution of material. Therefore, 
the dissolution velocity is much higher in the MCFC start-up than that in the subsequent 
long-time operation. 
   After deformation tests of porous nickel under a load, a great deal of needle projections 
composed mainly by nickel and oxide elements, appeared on the surface of samples. In terms of 
the composition, it can be deduced that the projections were possibly produced by the 
re-precipitation of dissolving nickel ions and the O2- ions in molten carbonates. A long-time 
application of load to the porous nickel did not make a change to the composition of 
past-experimental sample as lithiated NiO, but can result in the apparent variety of morphology 
on the surface of sample. However, the most remarkable morphology change basically occurred 
in the latter stage without notable deformation but not in the course of former 20 hours with 
rapid deformation. The unordinary phenomenon probably resulted from a dynamic process of 
nickel dissolution and re-precipitation owing to the excessive nickel ions in melts, leading to a 
reforming of the morphology and structure on the surface of material. In addition, we found an 
interesting phenomenon that the dissolving nickel ions were much inclined to intercalate into the 
Al2O3 network. 
Based on above-mentioned discussion,  it can be inferred that the dissolving nickel ions in 
melts have probably intercalated into the LiAlO2 electrolyte matrix in the early stage of MCFC 
operation due to the existence of plenty nickel ions generated by the serious deformation and 
dissolution of Ni-base cathodes during in-situ oxidation/lithiation under the load  of MCFC 
stack. And the premature incorporation of nickel into electrolyte matrix will lead to the potential 
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